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PREFACE 
Recent  f i e l d  s t u d i e s  have shown t h a t  i n  some c a s e s  t i l e  
d r a i n s  have been i n e f f e c t i v e  i n  i n c r e a s i n g  c r o p  p r o d u c t i o n .  
T h i s  paper  examines t h e  e f f e c t  t h a t  t h e  p o l i c i e s  o f  40  meter  
minimum s p a c i n g  and a g g r e g a t i n g  l a r g e  a r e a s  under  a  s i n g l e  d r a i n  
d e s i g n  may have upon t h e  e f f e c t i v e n e s s  o f  t i l e  d r a i n s .  An ap- 
proach t h a t  s y n t h e s i z e s  c r o p  y i e l d  r e s p o n s e ,  t h e  p h y s i c s  o f  
d r a i n a g e  and economics i s  used t o  d e t e r m i n e  t h e  p o s s i b l e  c o s t  
of  t h e s e  two p o l i c i e s .  A c a s e  s t u d y  from t h e  N i l e  D e l t a  i s  
examined. 
The paper  shows t h a t  t h e s e  p o l i c i e s  c a n  have a  g r e a t  e f f e c t  
upon t h e  e f f i c i e n c y  o f  t i l e  d r a i n  performance under  c e r t a i n  con- 
d i t i o n s .  
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ANALYSIS OF TILE DRAINAGE DESIGN 
POLICIES I N  EGYPT 
Kenneth M. S t r z e p e k  
S i n c e  t h e  c o m p l e t i o n  o f  t h e  High Aswan Dam i n  1 9 6 5 ,  t h e  
N i l e ' s  f l o o d  w a t e r s  have  b e e n  s t o r e d  i n  t h e  Lake N a s s e r  R e s e r v o i r  
and a r e  a v a i l a b l e  f o r  d i s t r i b u t i o n  o v e r  t h e  e n t i r e  y e a r .  The 
y e a r - r o u n d  a v a i l a b i l i t y  o f  w a t e r  h a s  l e d  t o  more l a n d  b e i n g  
b r o u g h t  u n d e r  m u l t i p l e  c r o p  c u l t i v a t i o n .  T h i s  g r a d u a l l y  c r e a t e d  
t h e  s i t u a t i o n  where  t h e  p r e s e n t  c r o p p i n g  i n t e n s i t y  i n  t h e  N i l e  
v a l l e y  i s  a p p r o x i m a t e l y  one  hundred  n i n e t y  p e r c e n t .  
T h i s  i n t e n s i v e  i r r i g a t i o n  t h e n  c r e a t e d  a  problem.  I n  t h e  
p a s t ,  w i t h  b o t h  w e t  and  d r y  p e r i o d s ,  t h e  i n i t i a l  f l o o d  w a t e r s  
p r o v i d e d  a  mechanism f o r  f l u s h i n g  away a n y  s a l t s  t h a t  m i g h t  have  
b u i l t  up i n  t h e  s o i l ,  and  t h e  g roundwa te r  t a b l e  had  t i m e  t o  re- 
c e d e  s l o w l y  a f t e r  t h e  f l o o d .  Now, d u e  t o  y e a r - r o u n d  i r r i g a t i o n ,  
t h e  w a t e r  t a b l e  i s  c o n s t a n t l y  h i g h  and s a l t s  a r e  n o t  f l u s h e d .  
The r e s u l t  i s  t h a t  c r o p  y i e l d s  have been  s e v e r e l y  a f f e c t e d  by 
w a t e r l o g g i n g  and  s a l i n i t y .  These  p rob lems  a r e  d u e  t o  i r r i g a t i o n  
p r a c t i c e s  and  t h e  s o i l  p r o p e r t i e s  o f  t h e  N i l e  v a l l e y .  
I t  i s  p o s s i b l e  t o  a l l e v i a t e  t h e  problems of w a t e r l o g g i n g  
and s a l i n i t y  by i n t r o d u c i n g  b e t t e r  farm wate r  management a n d o r  
a g r i c u l t u r a l  d r a i n a g e  sys tems .  Drainage  sys tems a l l o w  t h e  ground- 
w a t e r  t a b l e  t o  be c o n t r o l l e d ,  p r e v e n t i n g  w a t e r l o g g i n g  and a l l o w i n g  
f o r  s u f f i c i e n t  l e a c h i n g  of e x c e s s  s a l t s  from t h e  c r o p  r o o t  zone. 
The widespread  a d a p t a t i o n  of  new farming t e c h n i q u e s  i s  
decades  away. T h e r e f o r e ,  t h e  Egyp t i an  government h a s  embarked 
upon a  monumental p r o j e c t  of  improving a g r i c u l t u r e  d r a i n a g e  on 
most c u l t i v a t e d  l a n d  i n  Egypt.  
The d r a i n a g e  improvement p r o j e c t  i s  composed of  two p a r a l l e l  
t a s k s .  Task one i s  t h e  remodel ing  o f  open d r a i n s  and c o n s t r u c -  
t i o n  of  pumping s t a t i o n s ,  and Task two i s  t h e  i n s t a l l a t i o n  of  
t i l e  d r a i n s  on c u l t i v a t e d  l a n d s .  
To d a t e ,  t h e r e  have been f o u r  World Bank funded Dra inage  
P r o j e c t s  w i t h  a  t o t a l  i n v e s t m e n t  of t h e  e q u i v a l e n t  o f  3 2 9  m i l l i o n  
U S  d o l l a r s .  These p r o j e c t s  implemented th roughou t  Egypt w i l l  
p r o v i d e  f o r  t h e  remodel ing  of  open d r a i n s  which s e r v e  an a r e a  
of  2 4 6 0  000 feddans  and i n s t a l l a t i o n  of t i l e  d r a i n s  on 2 150 000 
feddans  of  c u l t i v a t e d  l a n d .  The e x e c u t i o n  of  t h e s e  p r o j e c t s  over -  
l a p ,  and a t  p r e s e n t ,  approx imate ly  f i f t y  p e r c e n t  of  t h e  t a r g e t s  
have been m e t .  A f i f t h  p r o j e c t  f o r  a n  a d d i t i o n a l  6 0 0  000 feddans  
of  t i l e  d r a i n s  i s  p r e s e n t l y  under  s t u d y  by t h e  World Bank. 
The r e a s o n s  f o r  i n v e s t i n g  such  a  l a r g e  amount of r e s o u r c e s  
i n  improving d r a i n a g e  c o n d i t i o n s  were t o  p r e v e n t  t h e  c o n t i n u e d  
d e c l i n e  i n  c r o p  y i e l d  and a t t e m p t  t o  i n c r e a s e  y i e l d  t o  t h e  
inaxinum p o s s i b l e ,  g i v e n  t h e  o t h e r  i n p u t s  i n t o  a g r i c u l t u r e .  
Approximately t h i r t y  p e r c e n t  of Egyp t i an  GNP comes from a g r i c u l -  
t u r e ,  and a g r i c u l t u r a l  e x p o r t s  a r e  a  v a l u a b l e  s o u r c e  of  f o r e i g n  
exchange.  Thus ,  t h e  d e c l i n e  i n  y i e l d s  i s  a  s e r i o u s  problem f o r  
t h e  Egyp t ian  economy. During t h e  economic e v a l u a t i o n  phase o f  
t h e s e  p r o j e c t s ,  it was p r o j e c t e d  t h a t  p o t e n t i a l  economic b e n e f i t s  
of improving a g r i c u l t u r a l  p r o d u c t i o n  by improving d r a i n a g e  con- 
d i t i o n s  were g r e a t e r  t h a n  t h e  c o s t s  of  t h e  d r a i n a g e  p r o j e c t s .  
Thus, e a c h  p r o j e c t  was implemented. These economic a n a l y s e s  
were based on t h e  assumpt ion  t h a t  t h e  d r a i n a g e  sys tems  upon which 
t h e  c o s t s  were e s t i m a t e d  would p r o v i d e  t h e  improvement i n  d r a i n -  
age  c o n d i t i o n s  t o  produce t h e  b e n e f i t s  which were p r o j e c t e d .  
R e c e n t l y ,  t h e r e  have been some who a r e  q u e s t i o n i n g  whether  
t h e  p r o j e c t e d  a g r i c u l t u r a l  p r o d u c t i o n  i s  a c t u a l l y  o c c u r r i n g  and 
whether  t h e  i n v e s t m e n t  i n  d r a i n a g e  i s  economica l ly  f e a s i b l e .  
Data from e x p e r i m e n t a l  s t u d i e s  show d e f i n i t e  i n c r e a s e s  i n  
y i e l d s  due t o  t i l e  d r a i n a g e ,  w h i l e  e v i d e n c e  from f i e l d  s u r v e y s  
of d r a i n e d  l a n d  show i n  some c a s e s  y i e l d  i n c r e a s e s  and i n  o t h e r s  
no e f f e c t s  upon y i e l d .  I t  would seem from what was s a i d  above 
and from worldwide e v i d e n c e ,  t h a t  d r a i n a g e  i s  b e n e f i c i a l  t o  
c r o p  y i e l d  when a f f e c t e d  by w a t e r l o g g i n g  and s a l i n i t y .  Why 
t h e n ,  a r e  some a r e a s  i n  Egypt e x h i b i t i n g  l i t t l e  o r  no i n c r e a s e  
i n  y i e l d s ?  The answer may be t h a t  t h e  d r a i n  sys tems  t h a t  a r e  
be ing  i n s t a l l e d  a r e  n o t  a c h i e v i n g  t h e  n e c e s s a r y  improvement i n  
s o i l  wa te r  l e v e l s  t h a t  a r e  r e q u i r e d  f o r  i n c r e a s e d  y i e l d s .  The 
d r a i n a g e  sys tems may n o t  be f u n c t i o n i n g  due t o :  ( 1 )  poor i n -  
s t a l l a t i o n ;  ( 2 )  f a i l u r e  o f  t h e  sys tem ( s i l t i n g ,  b l o c k a g e ,  e t c . ) ;  
( 3 )  improper d e s i g n ;  and ( 4 )  farmer  p r a c t i c e s  ( b l o c k i n g  d r a i n s ,  
e t c . )  . 
The g o a l  o f  t h i s  paper  i s  t o  examine t h e  q u e s t i o n  of t i l e  
drain design from a theoretical viewpoint. It is hoped to pro- 
vide insight into whether the practices or policies of drain 
design in Egypt may be leading to a situation where some fields 
may be improperly designed producing ineffectual drainage. 
Since, on the whole, drainage is welcomed by the farmer and 
field experiments show positive benefits from drainage, drainage 
must be working in many cases. However, there may be conditions 
where the current practices fail resulting in no benefits from 
drainage. 
The analysis in this paper will be based upon an approach 
developed by Strzepek et a]., (1980), to measure drainage perfor- 
mance. This approach synthesizes crop response to dewatering 
zone, the physics of groundwater flow and the economics of 
crop production and drainage installation into a single measure 
of drain performance. This approach will not be presented in 
detail, but the reader is referred to the reference above. 
Based upon this approach, Strzepek et al., (1979, 1980), 
developed a procedure for the optimal design of tile drains using 
mathematical programming. This optimal drain design procedure 
will be used in the analysis as well to help illustrate the mag- 
nitude of losses due to certain policies. The next section will 
examine the current policies of drainage design in Egypt. 
CURRENT DRAINAGE DESIGN POLICY IN EGYPT 
To undertake the enormous task of implementing drainage over 
almost 5 million feddans of Egyptian agricultural land, the 
Egyptian Public Authority for Drainage Projects (EPADP) was es- 
tablished within the Ministry of Irrigation. The roles of EPADP 
are to perform investigations, planning, design and coordination 
of implementation of all drainage projects in Egypt. This is 
quite a large task and EPADP has done a good job considering the 
constraints of man-power, budget, and shortage of resources. 
In the process of undertaking all these tasks, certain procedures 
had to be adopted for drain design. Some of these procedures were 
adopted from different climatic and agricultural regions where 
they function well. Therefore, some of the procedures may not 
be appropriate for Egyptian conditions and should be scientifi- 
cally tested in the field. This is very difficult given the 
tasks which lie before the EPADP, thus the use of theoretical 
methods to provide insight into the applicability of untested 
procedures is a useful exercise. 
This paper will examine two such procedures that may account 
for cases where tile drainage is ineffective. 
1 .  The implementation of tile drains with a minimum design of 
40 meter spacing with 1.5 meter depth. 
2. The implementation of a fixed drain design over a large area. 
Minimum Spacing 
E?ADP has adopted a policy of imposing a minimum of 40 meter 
spacing design for tile drains based upon an assumption that 
crop yield response to dewatering zone is a linear or concave 
function. This assumption allows one to claim that the benefits 
of drainage to crop production over an area of two drains pro- 
viding 50% of the optimal dewatering zone is equivalent if not 
greater than the benefits to crop production of an area of one 
drain provided with optimal dewatering zone. If this assump- 
tion holds true, then it is quite logical to propose a design 
value of a water table that is less than the optimal to exploit 
the properties of the response function, not a minimum spacing, 
which is a function of soil permeability, drainage rate, 
and other parameters. 
The reason why a minimum spacing approach fails is that de- 
watering zone is not linearly related to drain spacing; that is, 
a function of spacing and depth of drains, depth of soil layer, 
soil permeability, drainage rate, and irrigation practices, all 
of which change greatly over the regions of Egypt. The goal of 
an efficient drain design is to find the spacing that provides 
the dewatering zone where the marginal cost of increased drain- 
age equals the marginal benefits of drainage to crop production. 
In that way, the capital resources allocated to drainage will be 
utilized in an efficient manner. The other reason that a mini- 
mum spacing approach can fail in certain circumstances is that 
the crop yield function is not linear or concave. Figure 1 is 
a plot of the range of possible crop yield functions feasible 
in Egypt. One can see that although the functions rise concavely 
from the abssisa, there is a threshold,value which does not pass 
through the origin which makes the function non-concave. These 
functi~ns also exhibit non-concave features beyond the optimal, 
further complicating the analysis. Strzepek et al., (1980), 
have developed a method to determine the optimal design of tile 
drains for multiple crops even under conditions where the input 
parameters are uncertain. Based upon the above method, this 
paper will show the cost associated with applying a minimum 
spacing approach under conditions where it is inappropriate. 
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Figure I .  Case study yield functions. 
Large Scale Areal Homogenity 
The policy of EPADP in many cases is to design large areas 
under a single tile drain design, in effect, assuming large 
scale spatial homogenity of drainage properties. This policy 
is based on a property that as soil permeability varies in space 
the variation in design spacing will be less, due to the non- 
linear relationship between spacing and permeability. Therefore 
it is easier to lump areas together since the magnitude of varia- 
tion in spacings are less. Especially in the areas of greatest 
concern, where there are low permeabilities such as the Nile 
Delta Clays, the designs all show a need for spacing under 40 
qeters, but due to the minimum spacing policy described above, 
a whole region will drain at 40 meter spacing. Thus, within 
that region there will be many areas where the drains are totally 
ineffective. Even in areas where the minimum spacing policy does 
not come into effect, the incorporation of spatial variability 
of soil permeability into drain design will provide a more effi- 
cient total system as was demonstrated in Strzepek et al., (1980). 
The next section will present the basis of the approach of 
analysis of economic response to drain design under uncertain 
input conditions. 
ECONOMIC MEASURE OF DRAIN PERFORMANCE 
The Hooghoudt equation for tile drain design is presently 
used by the EPADP, based upon a deterministic mean value approach. 
Strzepek et al., (1979), have applied the First Order-Second 
Moment (FOSM) analysis to this equation to provide a probability 
distribution of the dewatering zone as a function of the uncer- 
tainty in the soil permeability and drainage coefficient in the 
design area. With a probability density function of the dewater- 
ing zone from the FOSM analysis and a crop yield response, an 
expected crop yield as a function of drain design can be cal- 
culated. This expected yield can be transformed into an expected 
economic loss and combined with the capital cost function for 
drain design to provide a measure of the true total cost of each 
drain design. 
The field level drain design problem can be cast into a formal 
Mathematical Programming Problem under uncertainty to provide the 
optimal tile drain design. The stochastic programming approach 
to uncertainty is possible if there exists a relationship between 
economic response and system output (the crop yield function). 
The Stochastic Programming Model will minimize the total 
cost of drain installation plus the value of crop loss over the 
life of the drain, subject to physical constraint on the drain 
system. This approach provides a design where the marginal cost 
of improved drain performance (capital cost) is equal to the 
marginal value of the crop loss over the life of the drain due 
to better system performance. This analysis provides for the 
efficient' utilization of capital which is a scarce resource in 
many agricultural economies. 
Since this method is based upon economic rather than physical 
criteria, it is straightforward to extend the method to a mul- 
tiple crop formulation (Strzepek et al., [ 1 9 8 0 1  ) . 
The stochastic programming model requires statistical infor- 
mation about uncertain parameters as one of its inputs. The im- 
portant question' for lateral drain design using this model is 
o v e r  what a r e a ,  s i z e  and l o c a t i o n ,  i s  t h e  d e s i g n  t o  b e  assumed 
c o n s t a n t .  The s p a t i a l  v a r i a b i l i t y  of  t h e  p e r m e a b i l i t y  of  t h e  
s o i l  i s  a  random p r o c e s s  and a s  such  p e r m e a b i l i t y  w i l l  v a r y  from 
p o i n t  t o  p o i n t  a l t h o u g h  it may p o s s e s s  some u n d e r l y i n g  t r e n d .  
T h e r e f o r e ,  t h e  l a t e r a l  f i e l d  d r a i n s  i d e a l l y  would be d e s i g n e d  
such  t h a t  t h e  d e s i g n  would d i f f e r  f o r  e a c h  se t  of  l a t e r a l  d r a i n s .  
However, t h i s  i s  q u i t e  i m p r a c t i c a l  and would add c o s t s .  There-  
f o r e  a  d e s i g n  a r e a  o v e r  which l a t e r a l  s p a c i n g  and  d e p t h  would be  
k e p t  c o n s t a n t  must  be  s e l e c t e d .  The a r e a  must  b e  s m a l l  enough 
t o  r e f l e c t  l o c a l  c o n d i t i o n s  b u t  l a r g e  enough t o  b e  p r a c t i c a l .  
F o r  p r a c t i c a l  r e a s o n s  t h e  minimum a r e a  o v e r  which a  con- 
s t a n t  l a t e r a l  d r a i n  d e s i g n  i s  f e a s i b l e  i s  t h e  a r e a  d r a i n e d  by 
a  s i n g l e  c o l l e c t o r .  The r e a s o n  a  s i n g l e  c o l l e c t o r  a r e a  i s  
s e l e c t e d  f o r  l a t e r a l  d e s i g n  i s  t h a t  e a c h  l a t e r a l  must b e  con- 
n e c t e d  t o  t h e  c o l l e c t o r .  L a t e r a l  c o n n e c t i o n s  t h a t  a r e  randomly 
p l a c e d  on e i t h e r  s i d e  o f  t h e  c o l l e c t o r  add t o  t h e  number of  p i p e  
f i t t i n g s  and l a b o r  r e q u i r e d .  
I t  was shown i n  F i g u r e  1 t h a t  c r o p  y i e l d  f u n c t i o n s  a r e  non- 
l i n e a r  w i t h ' r e s p e c t  t o  t h e  d e w a t e r i n g  zone.  Due t o  t h e s e  non- 
l i n e a r i t i s s ,  a c c o u n t i n g  f o r  s p a t i a l  v a r i a b i l i t y  i n  s o i l  permea- 
b i l i t y  a s  a  mean v a l u e  of  sample v a l u e s  w i t h i n  a  c o l l e c t o r  w i l l  
n o t  t a k e  i n t o  a c c o u n t  t h e  t r u e  economic c o s t s  o f  t h e  s p a t i a l  
v a r i a b i l i t y .  I d e a l l y ,  a  d r a i n a g e  sys t em i n  which l a t e r a l  d r a i n  
d e s i g n  v a r i e d  a t  e a c h  p o i n t  i n  s p a c e  where d a t a  e x i s t e d  would 
r educe  t h i s  problem. T h i s  i s  i m p r a c t i c a l  from a n  i n s t a l l a t i o n  
p o i n t  o f  v iew.  However, it i s  q u i t e  s i m p l s  t o  d e v e l o p  a  d e s i g n  
f o r  e a c h  p o i n t  i n  s p a c e  f o r  which p e r m e a b i l i t y  d a t a  e x i s t s .  I n  
t h e  same way i t  i s  p o s s i b l e  t o  a n a l y z e  t h e  economic r e s p o n s e  t o  
t h e  d e p t h  and s p a c i n g  of l a t e r a l  d r a i n s  a t  e a c h  p o i n t  f o r  which 
p e r m e a b i l i t y  d a t a  i s  a v a i l a b l e .  T h i s  r e s p o n s e  w i l l  r e f l e c t  t h e  
c a p i t a l  c o s t  a s  w e l l  a s  t h e  c r o p  y i e l d  due  t o  d e p t h  o f  t h e  de- 
w a t e r i n g  zone ,  which i s  a  f u n c t i o n  of t h e  l a t e r a l  d e s i g n .  
Such a  f u n c t i o n  has  been deve loped  f o r  m u l t i p l e  c r o p s  which 
g i v e s  t h e  economic consequence o f  a  c h o i c e  of l a t e r a l  d r a i n  
d e p t h  D ,  and d r a i n  s p a c i n g  L.  So t h a t  a t  e a c h  p o i n t  i n  s p a c e  
where d a t a  i s  a v a i l a b l e  on p e r m e a b i l i t y  K ,  and d r a i n a g e  c o e f f i -  
c i e n t  N ,  and economic r e s p o n s e  can  be d e f i n e d  a s  a  f u n c t i o n  o f  
D and L. 
I t  i s  assumed t h a t  t h e r e  must be  o n l y  one d e s i g n  o v e r  t h e  
c o l l e c t o r  a r e a .  To d e t e r m i n e  t h i s  d e s i g n  a  new c o s t  f u n c t i o n  
f o r  t h e  c o l l e c t o r  a r e a  i s  d e f i n e d  which i s  t h e  summation of  a l l  
t h o  economic r e s p o n s e s  f o r  e a c h  sample p o i n t .  Wi th in  t h e  c o l -  
l e c t o r ,  t h e  " o p t i m a l "  d r a i n a g e  d e s i g n  can  t h e n  be found by i n -  
s t a l l i n g  t h i s  f u n c t i o n  i n  t h e  m u l t i - c r o p  s t o c h a s t i c  programming 
model f o r  a  c o l l e c t o r  sys tem,  r a t h e r  t h a n  a  s i n g l e  l a t e r a l  
d r a i n .  The b a s i s  of t h i s  model i s  t h a t  t h e  s p a t i a l  v a r i a b i l i t y  
of t h e  p a r a m e t e r s  a r e  r e f l e c t e d  i n  t h e i r  t r u e  economic conse-  
quences  r a t h e r  t h a n  b e i n g  d e s c r i b e d  by a  se t  of s t a t i s t i c a l  
v a l u e s .  
Now i t  i s  p o s s i b l e  t o  a n a l y z e  t h e  e f f e c t  of  c e r t a i n  p o l i c i e s  
by comparing t h e  economic r e s p o n s e  o f  t h e s e  d e s i g n  p o l i c i e s  t o  
t h e  r e s p o n s e  o f  " o p t i m a l "  d e s i g n  u s i n g  Mathemat ica l  Programming. 
The f o l l o w i n g  s e c t i o n  w i l l  p r o v i d e  r e s u l t s  based upon d a t a  ob- 
t a i n e d  from t h e  Embabe r e g i o n  i n  t h e  N i l e  D e l t a .  The " o p t i m a l "  
designs that are found using the Stochastic Programming approach 
are not necessarily the correct design due to assumptions that 
are made about crop yield function, but they do provide a good 
basis upon which to compare the expense of present policies 
which do not examine total system costs. 
ANALYSIS OF POLICfES 
A region along the Embabe Drain in the Nile delta was selected 
as being representative of conditions throughout the Nile delta. 
Data was provided by the Ministry of Irrigation that would nor- 
mally be used to design the drains. This includes soil per- 
meability data, drainage rate, depth of soil layer and crops 
grown. Since the exact form of the crop yield function was not 
known for this region, the three that represent the range found 
in Egypt were used to examine the sensitivity of results to each. 
The area selected for study was 2 kilometers by 1.4 kilo- 
meters and it was assumed it be drained by five parallel collec- 
tors which define the homogenous design units. 
I4inimum Spacing 
To study the effect of a 40 meter minimum spacing a singie 
collector area was selected. It was 400 meters wide and 1400 
meters long and covers an area of 133.3 feddans. There were 
1 1  soil permeability samples found in this collector region. 
For this analysis it was assumed that the data samples were 
without error as is the practice of the EPADP. However, the 
drainage rate was assumed to be normally distributed with a 
mean of 4 mm/day, with a standard deviation of 4 mm/day. This 
v a l u e  came from t h e  s t u d y  o f  t h e  Embabe r e g i o n ,  t h e  c r o p s  con- 
s i d e r e d  f o r  t h i s  c a s e  s t u d y  w e r e  whea t ,  m a i z e ,  c o t t o n ,  v e g e t a b l e s  
and berseem.  A c o n s t a n t  d r a i n  d e p t h  o f  1 . 5  meters was assumed.  
T a b l e  1 p r o v i d e s  t h e  r e s u l t s  o f  r u n n i n g  t h e  d e s i g n  model f o r  
t h e  t h r e e  t y p e s  o f  c r o p  y i e l d  f u n c t i o n  shown i n  F i g u r e  1 .  The 
r e s u l t s  show t h e  d r a m a t i c  e f f e c t  t h a t  t h e  p o l i c y  o f  40 meter 
s p a c i n g  c a n  have  u n d e r  t h e s e  c o n d i t i o n s .  I n  a l l  t h r e e  c a s e s  
t h e  d r a i n  d e s i g n  p r o v i d e d  by t h e  model g i v e s  a  s p a c i n g  a b o u t  
o n e - h a l f  o f  t h e  40 meters. T h i s  s m a l l e r  s p a c i n g  r e q u i r e s  approx-  
i m a t e l y  a  100% i n c r e a s e  i n  t h e  c a p i t a l  c o s t s  o f  t h e  t i l e  d r a i n  
i n s t a l l a t i o n .  However, t h e  s a v i n g s  i n  e x p e c t e d  l o s s e s  o v e r  
t h e  l i f e  o f  t h e  d r a i n s ,  assumed t o  b e  50 y e a r s  w i t h  a n  i n t e r e s t  
r a t e  o f  l o % ,  i s  s t a r t l i n g  f o r  t h e  t y p e  1 c r o p  f u n c t i o n .  The ex-  
p e c t e d  l o s s e s  w i t h  a  40 meter s p a c i n g  a r e  a b o u t  1 4  t i m e s  g r e a t e r  
t h a n  o p t i m a l  d e s i g n ,  r e s u l t i n g  i n  a  t o t a l  c o s t  o v e r  t h e  l i f e  o f  
t h e  d r a i n  o f  t h e  40 m e t e r  s p a c i n g  b e i n g  3 t i m e s  g r e a t e r  t h a n  
o p t i m a l  d e s i g n  p r o v i d e d  by t h e  model .  F o r  t y p e  2 and 3 c a s e s ,  
t h e  i n c r e a s e d  l o s s e s  f o r  40 meter s p a c i n g  w e r e  4 and 3 t i m e s  
g r e a t e r ,  r e s p e c t i v e l y .  T h i s  r e s u l t s  i n  t h e  t o t a l  c o s t s  f o r  
b o t h  t y p e  2 and 3 b e i n g  a p p r o x i m a t e l y  2 t i m e s  g r e a t e r  t h a n  t h e  
d e s i g n  from t h e  M a t h e m a t i c a l  Programming model .  
A l though  t h e  d a t a  u s e d  may i n c l u d e  some a s s u m p t i o n s  and e x t r a -  
p o l a t i o n  f o r  t h i s  r e g i o n ,  it d o e s  show t h a t  f o r  t h i s  d a t a  s e t ,  
t h e  a d o p t i o n  o f  a  minimum s p a c i n g  p o l i c y  i s  v e r y  c o s t l y  i n  t h e  
l o n g  r u n .  Even i f  t h e  l o s s e s  a r e  100% o v e r - e s t i m a t e d ,  it would 
n o t  change  t h e  r e s u l t .  T h i s  i s  d u e  t o  t h e  f a c t  t h a t  f o r  a  more 
c o s t l y  d r a i n  d e s i g n ,  less t h a n  40 meters, t h e  p r e s e n t  v a l u e s  
o f  e x p e c t e d  l o s s e s  a r e  g r e a t e r  t h a n  t h e  a d d i t i o n a l  c a p i t a l  i n -  

ves tment  i n  d r a i n s .  Although t h i s  i s  look ing  a t  l o s s e s  r a t h e r  
t h a n  a c t u a l  y i e l d s ,  it may e x p l a i n  why c e r t a i n  d r a i n e d  f i e l d s  
a r e  n o t  e x h i b i t i n g  any i n c r e a s e s  i n  y i e l d s .  
S p a t i a l  V a r i a b i l i t y  of S o i l  P e r m e a b i l i t y  
The p r o c e d u r e  of  a g g r e g a t i n g  l a r g e  a r e a s  of  l a n d  under a  
s i n g l e  t i l e  d r a i n  d e s i g n  i s  made f o r  e a s e  of  i n s t a l l a t i o n .  I t  
i s  proposed i n  t h i s  paper  t h a t  a  s i n g l e  c o l l e c t o r  a r e a  be  t h e  
maximum a r e a  under which d r a i n  d e s i g n  i s  h e l d  c o n s t a n t .  Then 
e a c h  i n d e p e n d e n t l y  d e s i g n e d  c o l l e c t o r  a r e a  can  be a g g r e g a t e d  
i n t o  a  d r a i n a g e  sys tem w i t h  l i t t l e  e f f e c t  on t h e  i n s t a l l a t i o n  
p r o c e s s .  
A s  was d e m o n s t r a t e d  above,  t h e  i g n o r i n g  of s p a t i a l  v a r i a -  
b i l i t y  of  s o i l  p e r m e a b i l i t y  w i t h i n  a  s i n g l e  c o l l e c t o r  can have 
l a r g e  c o s t s .  T h i s  s e c t i o n  w i l l  examine t h e  c o s t s  of  i g n o r i n g  
s p a t i a l  v a r i a b i l i t y  on a  l a r g e  f i e l d  l e v e l  which may span many 
c o l l e c t o r s .  
Tab le  2 p r e s e n t s  r e s u l t s  of an a n a l y s i s  of t h i s  problem f o r  
t h e  c a s e  s t u d y  f i e l d  which i s  d r a i n e d  by 5 c o l l e c t o r s .  The a n a l -  
y s i s  examines t h e  e f f e c t  of assuming a  4 0  meter  minimum s p a c i n g  
o v e r  t h e  e n t i r e  f i e l d .  The e f f e c t  of  t h e  d i f f e r e n t  c r o p  y i e l d  
f u n c t i o n s  a r e  i l l u s t r a t e d  a s  w e l l .  The r e s u l t s  p r o v i d e  t h e  
d r a i n  s p a c i n g  f o r  e a c h  c o l l e c t o r  d e s i g n e d  u s i n g  t h e  S p a t i a l l y  
D i s t r i b u t e d  M u l t i p l e  Crop S t o c h a s t i c  Programming Approach P o l i c y  
and compares t h i s  w i t h  t h e  f i x e d  d e s i g n .  The c a p i t a l  c o s t ,  ex- 
p e c t e d  l o s s e s  and t o t a l  c o s t  f o r  t h e  t o t a l  5 c o l l e c t o r  sys tem 
a r e  p r e s e n t e d .  The c o s t s  r e s u l t i n g  from assuming a  4 0  meter  
s p a c i n g  o v e r  t h e  e n t i r e  f i e l d  a r e  a l s o  shown. 
Table 2 .  Effect of spatial variability of system design. 
Crop Yield Type 1  Type 2  Type 3  
Drain Design Min 4 0  Optimal Min 4 0  Optimal Min 40  Optimal 
* 
Spacing (m) 
Collector 
System Costs 
Capital (LE) 
Expected Losses (LE) 201040 .44  2 8 0 4 1 . 3 8  2 5 6 8 6 1 . 3 4  1 1 5 6 4 5 . 3 0  3 1 2 0 6 5 . 3 4  1 6 1 3 6 6 . 8 8  
Total (LE) 2 5 1 6 1 5 . 9 2  1 2 2 2 8 6 . 0 6  3 0 7 4 3 6 . 8 2  2 0 0 3 4 0 . 0 9  3 6 2 6 4 0 . 8 2  2 4 6 5 2 2 . 9 0  
* Depth for all designs 1 . 5  m 
In Table 2, the range of values for the spacing of drains 
for each collector can be seen. These different values are a 
result of the variability of the soil permeability found among 
the collector regions. Strzepek et al., (1980), have shown 
that in this region the scale of variability of soil permeability 
is between 300-700 meters. This means that little can be in- 
ferred about the value of permeability (beyond a distance of 300- 
700 meters) from the value at a certain point. This is demon- 
strated in the results as well, since collectors 1 through 5  
are continuous but show varying designs. 
Table 2 also shows the economic results of ignoring this 
variability in soil permeability. For a type 1 crop yield 
function, the expected losses over the entire field are seven 
times greater with a 40 meter fixed design compared to the 
spatially varying design. The capital costs are 8 6 %  greater 
for the spatial variability case; even so, the total costs are 
less than 50% of those for the fixed 40 meter design. For the 
type 2 and 3 crop yield functions, the expected losses are 
approximately 2 times greater for the fixed design versus the 
spatially varying. This results in total costs for type 2 and 
3 spatial varying design of approximately 6 5 %  of the total 
costs of the fixed 40 meter design. 
These results are quite substantial and a spatial varying 
design policy should not require much more cost in installation 
except for the fact of the 40 meter minimum spacing that was 
discussed above. 
CONCLUSIONS 
The results of this paper have shown that under certain con- 
ditions the policies of ignoring spatial variability of soil 
permeability and adopting a minimum spacing design of 40 meters 
can have quite substantial costs over the life of the drain. 
This analysis shows that areas where the permeability varies 
greatly and conditions call for a drain spacing less than 40 
meters, tile drainage will not be as effective as projected in 
the economic analysis phase. In some cases, the tile drains 
may be ineffective. This is not saying that the only reasons 
that some areas are not exhibiting benefits from drainage are 
due to these policies, but this analysis does provide some in- 
sight. 
It would be possible to examine this hypothesis. By re- 
trieving the design data far the areas that are not showing 
benefits from drainage, one could see if this data called for 
design of spacing less than 40 meters and whether the soil 
permeability is highly variable. It would be possible to 
examine the actual installation and see if large areas are 
under a single drain design at 40 meter spacing. 
This type of analysis could provide information about these 
policies from an empirical basis to supplement this theoretical 
analysis. 
Another possible cause that should be examined is whether 
the area was suffering from salinity problems rather than water- 
logging, and whether the tile drains that are designed for water- 
logging are also addressing the problems of salinity. 
It is clear that tile drainage is beneficial to irrigated 
l a n d  when d e s i g n e d  a n d  i n s t a l l e d  p r o p e r l y .  
The q u e s t i o n  c u r r e n t l y  b e i n g  a s k e d  i n  Egypt  a s  t o  w h e t h e r  
t i l e  d r a i n a g e  i s  e f f e c t i v e  s h o u l d  b e  r e s t a t e d  s o  a s  t o  a s k :  
"Why i n  c e r t a i n  c a s e s  a r e  t i l e  d r a i n s  n o t  p r o v i d i n g  t h e  b e n e f i t s  
p r o j e c t e d ? " .  The e v i d e n c e  i n  Egypt  and e l s e w h e r e  shows t h a t  t i l e  
d r a i n a g e  c a n  b e  e f f e c t i v e .  What mus t  be  a d d r e s s e d  i s  why cer- 
t a i n  s t u d i e s  r e v e a l  no  e f f e c t .  
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